Friction stir processed (FSPed) aluminum alloys generally exhibit good mechanical properties pertaining to the textural feature, dynamic recrystallization (DRX), aging effect and are commonly accompanied by a thermal mechanical affected zone (TMAZ), and these are important metallurgical factors which cause inhomogeneous deformation problems. Therefore, a 1050 aluminum alloy sheet was used to eliminate the aging effect on the microhardness distribution and tensile properties. From the microhardness profile, a significant data fluctuation variation and microhardness drop could be recognized as the feeding speed slowed to 1.1 mm/s. It is reasonable to suggest that this is closely related to the subtle microstructural changes of dynamic recrystallized grains which were a consequence of the friction stir process heat input.
Introduction
Friction stir process (FSP) is an innovative technique which has been widely employed to acquire good mechanical properties, which result from the textural feature, aging effect and TMAZ as well as the microstructural changes in aluminum alloys. Many precipitation strengthened aluminum alloys demonstrate an aging effect which significantly affects the mechanical properties of FSPed specimens, due to the dissolution [1] [2] [3] [4] [5] or coarsening 6) of particles from the imported strain energy or friction heat of FSP.
On the other hand, various grades of commercial pure aluminum have been widely used for rigid cans and packaging, as well as in the chemical, electrical and architectural fields, 7) in which, forming processes such as bending, piercing or deep drawing are often encountered. The material homogeneity and work hardening behavior are the natural consequences of most forming operations. For example, H14 temper material possesses substantially greater strength but insufficient uniform elongation, while fully annealed samples exhibit low tensile flow stress and higher strain-hardening capabilities. To satisfy this compatibility problem, FSP has been recommended as a potential candidate method for improving formability of aluminum sheets by means of a well designed local microstructural modification before forming. This study aims at investigating the variation in the revolutionary pitch factor, which is a function of the feeding speed, to investigate microhardness variations and tensile properties of FSPed samples.
Experimental Procedure
The as received status of the 1050 aluminum alloy sheet was a H14 strain-hardened condition and the chemical composition is shown in Table 1 . To examine the effect of prior manufacturing career on the tensile properties of the FSPed samples, some of the H14 samples were fully annealed at 450 C for 10 hr to be our O samples. FSP was operated with two different feeding speeds (V) of 1.1 mm/s and 3.4 mm/s under a constant rotation speed of 841 rpm (N), thus the revolutionary pitch can be defined as V/N.
The Vickers hardness (HV) was tested across the whole PD plane (here, the plane normal of PD plane is consistent with the processing direction of FSP) at a depth of 1.5 mm from the top surface. The microhardness test was performed with a ten-second dwell time at 25 gw with a 0.5 mm separation. Nanoindentation was applied to investigate the nanohardness of individual grains located in the vicinity of the harder or softer regions as shown in the HV hardness profile.
The uniaxial tensile test was carried out at an initial strain rate of 1:67 Â 10 À3 s À1 at room temperature and the specimen size is illustrated in Fig. 1 Fig. 1 , where gauge length is composed of SZ only, irrespective of tensile direction. The tensile results are the average of at least three samples and are described by the true plastic strain-true stress relation in eq. (1) in which is the true stress, " is the true plastic strain, K is the strength coefficient and n is the strain hardening exponent.
The n value mentioned in this study was considered as the slope of the line which starts at the yield point and stops at the ultimate tensile stress of true plastic strain-true stress in double logarithmic coordinates.
The samples were mechanically polished with alumina suspension colloid and this was followed by a chemical etching to observe the metallurgical structures. The etchant was modified Keller's reagent (2 ml HF, 3 ml HCl and 20 ml HNO 3 ). The quantitative and qualitative data of texture analysis are represented in inverse pole figures and a constant Á' 2 ¼ 5 sectioned orientation distribution function (ODF). The textural information was collected by means of X-ray diffraction from five TD planes; each plane was about 2.5 mm in width. These five TD planes covered the whole SZ, and they are labeled as C-5.0AS, C-2.5AS, C-0, C-2.5RS and C-5.0RS, from the AS to the RS, and the plane normal was coincident with the TD. Here, the capital C stands for the center of the SZ and the subsequent number is the distance of the plane away from the center of the SZ towards the AS or the RS. In particular, the position of the FSP 1:1 par and FSP 3:4 par specimens are coincident with the C-0 region. (Table 2 ). In addition, a significant influence of feeding speed on the revolutionary pitch pertaining to the microhardness distribution can be recognized. The O-FSP 3:4 specimen with larger revolutionary pitch demonstrates a comparatively uniform microhardness distribution. It should be noted that a significant microhardness drop can be recognized in the vicinity of the RS of the O-FSP 1:1 specimen. It is reasonable to deduce that the variation in hardness profile in the vicinity of RS may be ascribed to the microstructural features pertaining to the retention of dislocation density or textural factors.
Experimental Results

Variation of revolutionary pitch on hardness distribution
Furthermore, Fig. 2 (a) shows a serrated microhardness spike, in which the significant data fluctuation and the corresponding nanoindentation results of individual grains agreed with the microhardness profile. We observed interchanged dark and bright fringes where the former exhibited higher hardness while the latter showed lower hardness, as presented in Figs. 2(b) and (c). The occurrence of this spike seems to correspond to the variation in revolutionary pitch. From the macro view, as shown in Fig. 3 , it is reasonable to suggest that this is a consequence of severe shear deformation strain pertaining to the difference in revolutionary pitch.
To clarify the effect of textural factors on the microhadrness profile, Figs. 5 and 6 show the inverse pole figures in the five consecutive regions from the AS to the RS and the corresponding average Taylor factors as well as contours of Taylor factors (M). From the different texture features of the O-FSP 1:1 and O-FSP 3:4 specimens as shown in Figs. 5 and 6, it is reasonable to suggest that the textural feature may play an important role in the microhardness distribution.
Tensile properties of FSPed materials
The tensile properties of the H14, O and all the FSPed samples are given in Tables 3 and 4 . Typical flow curves coordinated with modified true stress vs. true plastic strain are shown in Fig. 7 . According to the tensile results, the H14 samples are characterized by significantly high tensile flow stress but accompanied by a very low work hardening Table 3 and Fig. 7(a) . From Table 4 , we can conclude that the tensile flow strength is a function of tensile direction, i.e. the O-FSPper specimens have higher tensile flow stress than that of the O-FSPpar for the two different feeding speeds.
The gauge of an FSPper tensile specimen comprises the SZ from the AS to the RS. Accordingly, the initiation of fracture will provide more meaningful information about the relationship between microstructure and mechanical properties. The fracture locations of the four O-FSP 1:1 per specimens were all in the RS; while two of the four O-FSP 3:4 per specimens fractured in the RS and the other two fractured in the AS. However, the FSPed samples could compensate for the disadvantages of the O and H14 samples and this can be attributed to more homogeneously distributed fine DRX grains and solidification precipitates.
With regards the strain hardening exponents given in Tables 3 and 4 , the strain hardening exponents of the FSPed specimens can be recognized as being significantly lower than the fully annealed O specimens. Moreover, the annealed O specimen exhibited a higher work hardening rate than the FSPed specimens in the initial stage of tensile deformation as indicated in Fig. 8 . The work hardening rate of the O-FSP 3:4 sample was slightly larger than that of the O-FSP 1:1 sample regardless of tensile direction. This implies that variation in revolutionary pitch is an insignificant factor in the strain hardening exponent despite the shear deformation degree of the O-FSP 1:1 specimen being three times (rotations per unit traveling length) larger than that of the O-FSP 3:4 specimen.
Owing to the strain hardening exponent n being an important parameter in practical forming processes; a higher n value means the materials are deformed more uniformly. According to Tables 3 and 4 , the FSPed samples actually possessed considerably higher strain hardening exponents than the H14 samples.
Discussion
The effect of grain refinement is indicated in the microhardness profile as indicated in Fig. 2 , in which the FSPed samples exhibited higher microhardness than that of the annealed O specimen. Some studies 8, 9, 12) reported that the DRXed grains produced by FSW (friction stir welding)/FSP will follow the Hall-Petch equation, i.e. y ¼ 0 þ k y d À1=2 . However, the O-FSP 1:1 and O-FSP 3:4 specimens exhibited similar hardness within SZ regardless of the apparent difference in average grain size (35 mm and 22 mm). Moreover, according to the relationship between the yield stress and the hardness: Hv ¼ $ 3 y 13) the microhardness can be represented by eq. (2).
The constants H 0 and k H of SZ of a FSPed commercial pure 1050 aluminum alloy calculated by Sato et al. 8) are 18 Hv The interchanged dark and bright fringes demonstrate in Figs. 2(b) and (c) may refer to as ''onion ring'' [14] [15] [16] which results from the different metal flow behaviors of FSW/ FSP. This periodic microstructural feature is a reasonable factor to explain the serrated hardness spikes in SZs of both O-FSP 1:1 and O-FSP 3:4 specimens in Fig. 2(a) . We deduce that these contrasting bands are caused neither by a difference in chemical composition nor second phase particles distribution. A further investigation on this onion ring will be presented in another study. The microhardness profile of the FSPed samples ( Fig. 2(a) ) clearly shows that the smaller revolutionary pitch (V/N) caused the microhardness to drop in the vicinity of RS. Based on previous investigations, 17, 18) the FSPed specimens are commonly characterized by a fair number of retained dislocations and finer substructures within DRXed grains. The DRX related features of both the SZ and the TMAZ are related to the degree of temperature caused by FSP heat inputs. 8) With regard to the heat input of FSP, N/V (N: rotation speed, V: feeding speed) is an index which has been proposed in previous reports. 19, 20) This indicates that a lower feeding speed (V) can introduce more FSP heat input. Consequently, a lower feeding speed would widen the TMAZ and cause grain growth or reduce the retention of dislocation density. 10, 21) For the chaos of TMAZ on the RS, it is difficult to do a quantitative calculation on grain size. Hence, we give a grain size distribution in SZs close to the RS as demonstrated in Fig. 9 , in which O-FSP 1:1 has a larger grain size than that of O-FSP 3:4 In addition, because the difference in crystallographic textural feature between O-FSP 1:1 per and O-FSP 3:4 per in the vicinity of RS (Figs. 5 and 6 ) is an insensitive factor as mentioned above, consequently the retention of dislocation density 22) and the width of the TMAZ will play an important role in microhardness. Consequently, the hardness drop in the RS of the O-FSP 1:1 specimens caused fracturing to occur in the RS 3, 21) of all the specimens. It is reasonable to propose that the higher introduced FSP heat inputs would promote microstructural changes which would result in a microhardness drop in the vicinity of the RS.
The correlation between crystallographic texture and tensile flow stress was elucidated by Taylor, 23) and the flow stress can be referred to as the Taylor factor (M). In the equation M ¼ xx = Ã where xx is the external applied tensile stress, and Ã is the critical resolved shear stress, the M value can be used to judge whether a slip system is active or not. Field and coworkers 24) calculated that the M value varied within the range 2.75 to 3.60 for a FSPed aluminum sample, which was investigated from the AS to the RS. Consequently, it is reasonable to assume that this difference reflects the effect of crystallographic textural factors on tensile deformation resistance.
Figures 10(a) and (c) display the initial orientation distribution of the O-FSPed specimens. There are textured crystals with f110gh001i (Goss texture) in the central region of the SZ, where h001i shows close alignment along PD and h110i is aligned along TD. Sato et al. 25) reported that an apparent Goss texture and f114gh221i texture were detected in the central SZ, but the latter textural feature was not obvious in this investigation.
According to the stereographic triangle constructed by Chin, 23) (Fig. 10) . The M value is about 2:3$2:45 for both O-FSPpar specimens as shown in Fig. 10 . A higher M value should result in higher tensile deformation resistance, and this is consistent with the experimental results obtained in this study.
Based on the strain hardening exponents as shown in Tables 3 and 4 , a schematic diagram as shown in Fig. 11 is convenient to depict the difference in tensile deformation behaviors among the H14, fully annealed O and FSPed materials. The difference in work hardening behaviors between the FSPed, H14 and the fully annealed O samples should be correlated with the occurrence of the commonly known DRX factors on tensile flow stress. As DRX is taken place on H14 materials, the dislocations resulted from cold rolling will be reduced significantly by DRX related behaviors; therefore, the flow stress of H14 materials will decline as indicated by the downward arrow in Fig. 11 . The large grains caused by annealing will be in place of the refined DRXed grains; hence the flow stress will be improved, as the upward arrow in Fig. 11 . A more homogeneous distribution of microstructure and the retention of dislocation density which result from thermal mechanical deformation actually play an important role in the increase of n value from the initial tensile deformation stage. 
Conclusions
The effects of revolutionary pitch on the microhardness distribution and tensile properties of friction stir processed materials were examined in this study. Experimental results can be summarized as follows:
(1) A finer revolutionary pitch pertaining to the introduced frictional heat input will cause microhardness to drop in the vicinity of the RS as the feeding speed was slowed to 1. On the other hand, the tensile direction had an effect on the tensile deformation resistance, i.e. the FSPper samples exhibited higher tensile flow stress than the FSPpar samples. FSPed material possessed better tensile ductility and a higher strain hardening exponent than the cold-rolled H14 tempered sample, and higher flow stress than the fully annealed O sample. This implies that FSP has great potential to improve the formability when a proper feeding speed is selected.
